Abstract. Silicon samples doped with gallium and intentionally contaminated with iron have been studied by means of electron beam current (EBIC), capacitance voltage (CV) and deep level transient spectroscopy (DLTS) methods. Reverse bias anneal (RBA) treatments at temperatures of 390-420K were used to move hydrogen and dissolved iron atoms away from the surface. A new procedure was developed to find dislocations lying on desirable depth from the surface and to analyze the depth distribution of their recombination contrast. Iron contaminated dislocations do not noticeably change their recombination activity when kept in an electrical field as high as 10 4 V/cm at 420K for several hours. This implies a tight binding of iron atoms at dislocations. The binding energy of iron with dislocations seems to be much larger than for Fe-Ga and H-Ga pairs. Low temperature hydrogenation of iron contaminated dislocations does not produce any passivation effect. In opposite, the recombination activity of the dislocations significantly increases after RBA treatment.
Introduction
It is well established now by the electron-beam-induced current (EBIC) technique that the recombination activity of dislocations in silicon is caused mostly by metallic impurities segregated at the dislocations, see e.g. [1] . To reduce the recombination activity of dislocations contaminated with metallic impurities, hydrogenation is widely used in the photovoltaic industry. However, the present knowledge about the process of the interaction of hydrogen with dislocations is still poor. In previous works, a strong reduction of EBIC contrast of dislocations contaminated with Cu and Ni was reported [2] whereas an increase of the dislocation contrast was detected in n-type Si contaminated with Fe [3] .
Recent progress in the understanding of the properties of hydrogen and its interaction with transition metal impurities in silicon has been achieved with the help of a low temperature introduction of hydrogen into the surface region of the sample and its subsequent movement by annealing the Schottky diode under applied reverse bias-reverse bias anneal treatment (RBA), see for example [4] . The matter is that hydrogen being positively charged in p-type silicon moves down to the sample depth in the electrical field of the space charge region (SCR) of the diode. A similar process was also reported for some transition metals (for iron see [5] ).
In this work, the low temperature hydrogenation by means of the RBA treatment in combination with EBIC was used for the first time to study its impact on the recombination activity of dislocations in silicon.
Samples
The samples under investigation were (111) oriented p-type wafers cut from float-zone crystals doped with Ga (2 x 10 15 cm -3 ) and intentionally contaminated with Fe (2 x 10 14 cm -3 ) during the crystal growth. The randomly distributed grown-in dislocations were intentionally created by properly chosen crystal growth conditions. Their density was of about 10 4 cm -2 as obtained from Secco etch pit counting. Ti or Al/Ti Schottky contacts were used. Prior to evaporation of the contacts the as-sawed sample surface was grinded and etched in HF+6HNO 3 acid solution for sufficiently long time to introduce hydrogen into the surface region of the sample and to create a wavy surface (see next Section).
EBIC contrast of the grown-in dislocations could be detected even at room temperature, reflecting a high contamination degree of the dislocations. The density of dislocations intersecting the surface was in a good agreement with etch pit data. Additionally, we found numerous dislocation segments parallel to the surface as it was expected for the chosen orientation of the wafer. Upon cooling to 80K a bright-halo contrast arose around most dislocation images which are due to getter zones with a lower iron content that in the rest part of the crystal.
Capacitance-voltage measurements and deep-level-transient spectroscopy were applied to monitor the depth profiles of shallow acceptors, of iron-acceptor pairs and of interstitial iron before and after the annealing of the samples that was performed either in vacuum or in air at 390K or 420K applying diverse bias voltages. Fig. 1 shows an example of depth profiling obtained after RBA under 16V at 420K for 40 min. The annealing creates a dip on the acceptor profile with a minimum at 3.2µm away from the surface arose due to hydrogen passivation of the acceptors. Simultaneously, most iron atoms escape from the diode during the RBA treatment, creating a peak of FeGa pairs beyond the depletion region edge (4 µm). The peak concentration of FeGa pairs exceeded the concentration before the treatment by a factor of 4. Interstitial iron exhibits a concentration peak within the depletion region which disappeared again after keeping the sample at room temperature for sufficiently long time. 
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EBIC-contrast depth profiling technique
To investigate the impact of RBA hydrogenation we need to record changes of the EBIC contrast of the dislocations that lye at an appropriate depth from the surface. To ensure that we made use of the idea depicted in Fig. 2 . Fig. 2 . Surface topology of the sample in the vicinity of a dislocation running parallel to the surface (as used in this work). W is the width of the SCR of the Schottky diode, a 0 is the minimum depth of the dislocation under the surface.
A valley on the sample surface is formed by etching in the vicinity of the dislocation running parallel to surface so that the minimum depth of the dislocation beneath the surface, a 0 , is larger than the width of the edge of the SCR of the Schottky diode at zero bias, w(0), but less than the SCR width at the reverse bias voltage during the RBA treatment, w(U RBA ). For our samples w(0)≈1 µm, w(U RBA ) must be less than 4 µm (see Fig. 1 ). According to calculation results [2] , the EBIC contrast as a function of dislocation depth, a, exhibits a maximum when a ≈ 2 µm at an accelerating voltage V ac =20 kV and when a ≈ 4 µm at V ac =30kV. Thus, the EBIC image of the dislocation at the surface valley with an appropriate a 0 must be double-peak shaped. Moreover, when the dislocation hits into the SCR its contrast disappears. Accordingly, the relation between the dislocation depth and the running coordinate, x, along the surface can be obtained from EBIC measurements at diverse applied reverse bias making use w(U) data from CV measurements.. Solid State Phenomena Vols. 108-109
An example of such double-peak shaped contrast is presented in Fig. 3 . Indeed, under the reverse bias of 5 V and of 10V the central part of the EBIC contrast profile taken along a dislocation becomes flat, indicating that the dislocation is already within the diode SCR. Hence, the depth of the dislocation increases from the central part of the image towards both sides.
Results of RBA treatment The contrast profiles like those presented in Fig. 3 did not show any noticeable changes after annealing at 420K for few hours when the diode under investigation was short connected or no bias voltage was applied.
RBA treatment under diverse voltages ranging from 7 to 20V revealed significant changes in the shape of the EBIC profile. Fig. 4 a, b show the EBIC contrasts profiles before and after RBA treatment under 10V, at 420K for 30 min. One can clearly see that the magnitude of the EBIC contrast increased after RBA in the central part of the profiles where the depth of the dislocation beneath the surface is close to the diode SCR width during the treatment.
The changes of the EBIC contrast under RBA the treatment might be caused by several reasons. First of all, the SCR width decreases when hydrogen moves from the surface to the bulk resulting in a narrowing of the SCR. The decrease of the SCR width must give rise to an increase of the EBIC contrast according to results of simulation [2] . This effect can be compensated by performing the EBIC measurements under a bias voltage that keeps the SCR width unchanged. The dotted lines in Fig. 4 represent EBIC profiles taken on the treated sample under a reverse bias of 0.5V to maintain equal SCR widths before and after the RBA treatment. As expected, this decreases the contrast value, but the increase of the contrast due to the RBA treatment is still present.
A detailed examination of the data presented in Fig. 4 shows that the differences of the EBIC profiles before and after RBA taken with equal SCR widths exhibit a maximum at a position close to the SCR-edge. This result was confirmed on the samples treated under higher reverse bias voltages. In other words, the maximum of the contrast enhancement moved into the depth with increasing the applied voltage. It should be noted that no changes of EBIC contrast values were detected in the very central part of the profile where the dislocation was located in the region of the highest electrical field within the SCR during the RBA treatment. Thus, the contaminated dislocation does not reduce its recombination activity when placed in an electrical field as high as 10 4 V/cm, i.e. the iron impurity atoms are much more tightly bound to dislocation than to gallium acceptors.
Besides the enhanced recombination due to direct capture of iron or hydrogen atoms by dislocations other causes must be taken into account as well to explain the increase of the EBIC contrast. The first one is the change of the minority carrier flux to the dislocation due the spatial non-uniformity of the recombination in the silicon matrix caused by the RBA-induced iron migration. In fact, the surface region which was within the SCR during RBA treatment became depleted of iron while iron piled-up beyond the SCR (see Fig. 1 ). The impact of such layer-like distribution of recombination centers can not be easily estimated.
Another contribution to the enhancement of the recombination rate at dislocations might be an increase of the capture radius of dislocations for minority carriers (for definition see [6] ) due to a decrease of the net acceptor concentration at the dip of the acceptor profile. That is why we performed additional experiments to clarify these points. After a RBA treatment at an applied voltage of 16V we performed two subsequent anneals at 420K for 2 and for 14 hours without applying a bias voltage. The conditions of the first experiment correspond to an iron diffusion length calculated from diffusivity data [5] of about 5 µm. Thus, iron atoms can diffuse back to the surface since the spatial separation of the iron peak from the surface is less than that value (see Fig.  1 ). Indeed, we found a practically homogenous distribution of iron within the investigated region whereas the dip on the acceptor profile became broader and reduced its magnitude by only 30%. After this treatment (compare solid and dashed-dotted curves in Fig. 5 ) the enhanced recombination which arose after the RBA treatment did not disappear, but increased both in the deep and shallow parts of the dislocation.
The second treatment gave rise to spatially homogeneous acceptor distribution with a concentration lower than in the initial sample before any treatment, reflecting uniformity of the hydrogen distribution. On the other side, a further increase of the contrast at the deep and shallow parts of dislocation was found (compare dash-dotted and dotted curves in Fig. 5) . A small decrease of the contrast in the vicinity of the contrast maximum was also detected, but the contrast value still remained significantly larger than that of the sample before any treatment.
Thus, we conclude that the detected increase of the EBIC contrast after the RBA treatment is due to an enhancement of the recombination activity of dislocations themselves.
Summary
A new technique is developed to analyze the depth distribution of the recombination contrast of dislocations in semiconductors.
Iron contaminated dislocations do not noticeably change their recombination activity when kept in an electrical field as high as 10 4 V/cm at 420K for several hours. This implies a tight binding of iron atoms at dislocation. The binding energy seems to be much larger than for Fe-Ga and H-Ga pairs.
Low temperature hydrogenation of iron contaminated dislocations does not produce any passivation effect. In opposite, the recombination activity of the dislocations increases significantly when interacting with hydrogen or iron, i.e. an activation effect takes place. The mechanism of the activation effect is not known so far.
